[1] Aerosol optical thickness (AOT) is one of aerosol parameters that can be measured on a routine basis with reasonable accuracy from Sun-photometric observations at the surface. However, AOT-derived near clouds is fraught with various real effects and artifacts, posing a big challenge for studying aerosol and cloud interactions. Recently, several studies have reported correlations between AOT and cloud cover, pointing to potential cloud contamination and the aerosol humidification effect; however, not many quantitative assessments have been made. In this study, various potential causes of apparent correlations are investigated in order to separate the real effects from the artifacts, using well-maintained observations from the Aerosol Robotic Network, Total Sky Imager, airborne nephelometer, etc., over the Southern Great Plains site operated by the U.S. Department of Energy's Atmospheric Radiation Measurement Program. It was found that aerosol humidification effects can explain about one fourth of the correlation between the cloud cover and AOT. New particle genesis, cloud-processed particles, atmospheric dynamics, and aerosol indirect effects are likely to be contributing to as much as the remaining three fourth of the relationship between cloud cover and AOT.
Introduction
[2] Uncertainty related to aerosols, especially their interactions with clouds is one of the large sources of uncertainty in the current projections of climate change [Intergovernmental Panel on Climate Change, 2007] . To understand aerosol-cloud interactions and to pinpoint the associated uncertainties, accurate aerosol measurements made near various cloud systems under diverse dynamical and physical conditions over different regions are necessary [e.g., Yuan et al., 2008] . Recently, several studies using satellite-based aerosol products reported correlations between aerosol optical thickness (AOT) and cloud amount (or spatial variability of cloud fraction) over many regions in the world [e.g., Ignatov and Nalli, 2002; Kaufman et al., 2005; Matheson et al., 2006; Loeb and Schuster, 2008] . While it is tempting to construe such findings as evidence of aerosol-cloud interactions, caution should be exercised as coincidence or artifact might be at play [Yuan et al., 2008; Loeb and Schuster, 2008] . In fact, satellite aerosol retrievals near clouds are not reliable, which reduces a considerable amount of useful data, making it difficult to deduce valueadded information on aerosols [e.g., Jeong and Hsu, 2008; Hansell et al., 2009] . For instance, contamination due to subpixel and/or thin cirrus clouds has been suspected to be one of the major sources of uncertainties in the satellite-based AOT data, which could potentially result in an artificial relationship between aerosols and clouds [e.g., Ignatov and Nalli, 2002; Kaufman et al., 2005; Zhang et al., 2005] . Also, it has been shown that enhanced multiple scattering of light in the vicinity of clouds can result in AOT overestimations from satellites [Wen et al., 2007; Marshak et al., 2008] . In this regard, clouds are regarded as a source of artifacts.
[3] However, some other studies indicated that clouds can have a real impact on AOT. For example, increased new particle genesis and cloud processed particles near clouds have been reported [Hegg et al., 1990; Hoppel et al., 1994; Alkezweeny, 1995; Hegg et al., 2004] . In addition, it has also been argued that an increased cloud fraction accompanied by enhanced relative humidity (RH) can affect aerosols through the aerosol humidification effect (AHE; also known as aerosol swelling effect), resulting in correlation between cloud faction and AOT [e.g., Ignatov and Nalli, 2002; Kaufman et al., 2005] .
[4] While some studies reported the effects or artifacts of individual factors influencing AOT with detailed discussions (e.g., effects of humidity by Öström and Noone [2000] , Jeong et al. [2007] , Koren et al. [2007] , Su et al. [2008] , and Twohy et al. [2009] ; effects of increased aerosol particle size near clouds by Tackett and Di Girolamo [2009] ; artifacts of cloud contamination by Zhang et al. [2005] ; artifacts due to enhanced scattering near clouds by Wen et al. [2007] ), few investigations were made to comprehensively understand and quantify the factors causing such correlation between cloud amount and AOT. Using satellite-based aerosol data, it would be very difficult to deal with the issue due to the assumptions made in aerosol retrievals and numerous factors affecting the accuracy of retrieval [e.g., .
[5] On the other hand, ground-based measurements of AOT from Cimel Sun photometers operated under the protocols of the Aerosol Robotic Network (AERONET) [Holben et al., 1998 ] are highly accurate with little, if any, contamination by clouds, even when the observations are made under partly cloudy conditions. One may thus use them together with measurements of clouds and meteorological parameters to investigate the relation between AOT and cloud. The ample measurements available from the U.S. Department of Energy's Atmospheric Radiation Measurement (ARM) program over the Southern Great Plains (SGP) site allow us to unravel this complex issue.
[6] In this study, we first report that the AOT from groundbased measurements is correlated with cloud cover (or fraction) for small and moderate aerosol loading (i.e., AOT < 1.0). Then, possible causes, including real effects and artifacts, are discussed, and the most likely scenarios are proposed. Thus, this study attempts to (1) evaluate various effects on the AOT from ground-based sensors and (2) separate the artifact from the real effect on the observed AOT. The results of this study will be useful to create "clean" aerosol products for the study of direct and indirect aerosol effects.
Data
[7] Aerosol measurements taken over the Southern Great Plains (SGP) Cloud And Radiation Testbed (CART) site (36.6°N, 97.5°W) under the aegis of the Department of Energy's (DOE) Atmospheric Radiation Measurement (ARM) program characterize the temporal variability, vertical distribution, and optical properties of aerosols in the region using a large array of state-of-the-art instruments. They include the Cimel Sun photometer, Multifilter Rotating Shadow Band Radiometer (MFRSR), Raman lidar, In Situ Aerosol Profiles (IAP) flights, and the Aerosol Observing System (AOS). The spatial variability of aerosols relies on a network of MFRSRs at the Central Facility (CF) and Extended Facilities (EF), together with satellite remote sensing.
[8] The major data employed for this study are AERONET Level 2.0 (cloud-screened and quality-assured) aerosol products derived from the Cimel Sun photometer at the Central Facility "Cart Site" for 2 years (2003) (2004) . AOT at 550 nm, which is a common wavelength for many applications, was derived via interpolation using AOT at 500 and 675 nm. The profiles for aerosol extinction and relative humidity (RH) from the Raman lidar [Goldsmith et al., 1998; Turner and Goldsmith, 1999] are utilized to compute the aerosol extinction weighted column mean RH (see section 4.2 for details). Also employed are cloud cover and cloud mask data from the Total Sky Imager (TSI), which continuously monitored the sky conditions over the ARM SGP site (Central Facility). Details on the respective instruments are provided below.
AERONET Sun Photometer Measurements of AOT
[9] The AOT measured from the AERONET Cimel Sun photometers [Holben et al., 1998 ] has been used in numerous studies concerning aerosols and their radiative and climatic effects. The Cimel Sun photometer has eight channels spanning the ultraviolet, visible, and near infrared (340, 380, 440, 500, 675, 870, 940, and 1020 nm) . It is composed of two collimators: one for direct Sun measurements and the other for sky radiance measurements. Both collimators have an equal field of view (1.2°), but the aperture for the sky photometers is 10 times larger than that for the Sun photometer so that the necessary dynamic range to observe the sky is provided. One set of direct normal measurements is made every 15 min and one set of sky radiance measurements is made per hour. The AOT is calculated from the transmission obtained from direct normal measurements using the Beer-BouguerLambert's law after accounting for the attenuation due to molecular scattering and trace gas absorption. The AOT is derived to an accuracy of ±0.02-0.04 at a relative optical air mass of 2 [e.g., Eck et al., 1999; Rainwater and Gregory, 2005; Eck et al., 2005] .
[10] The primary issue that could interfere with the accuracy of the AERONET AOT is cloud screening. Therefore, a strict cloud-screening algorithm was developed [Smirnov et al., 2000] , which is based on a stability check on the triplet (i.e., three instantaneous and consecutive measurements at 30 s apart) that constitutes an observation (made every 15 min), a test of consistency in the values of AOT and Angstrom exponent with their diurnal variability. While the algorithm works effectively to get rid of most, if not all, cloud-contaminated data, it can be too strict to discard some variable aerosols like smoke plumes [Kaufman et al., 2005] . Also, it may fail to detect very thin stable cirrus [Kinne et al., 1997; Kaufman et al., 2005] . For the SGP CART site, AERONET AOT measurements have been collected since 1994. We used 2 years (2003) (2004) of level 2.0 (cloudscreened and quality-assured) AOT data for this study.
Cloud Cover From the Total Sky Imager
[11] The Total Sky Imager (TSI; Model 880) captures images of the sky during daytime using a charged-coupled device (CCD) imager looking down a mirror that reflects the hemispheric sky. A shadowband on the mirror blocks the direct sunlight in order to protect the optics of the imager and to provide a good sensitivity to both dark (blue sky) and bright (cloud) targets. The images are recorded as 24-bit color JPEG files at 352 × 288 pixel resolution. Fractional cloud cover is determined by examining the relationships between the colors of the acquired image pixels within the field of view of 160°(zenith angle less than 80°) to determine whether a pixel represents clear sky, thin, or opaque cloud [Long et al., 2001] . The color relationship is based on the fact that molecular scattering is much stronger in the blue spectral range than in the red spectral range while clouds more or less equally scatter from blue to red spectral ranges. Although the solar disk is blocked, it is difficult to discriminate clear sky from clouds in the vicinity of the Sun and for the angular area centered on the solar azimuth angle (outlined by a green circle around the Sun in Figure 1 ). This is because the intensity range of the CCD camera is limited compared to the very large intensity changes near the Sun's position. Therefore, whenever the intensity becomes larger than the maximum that the CCD camera can handle, bright circumsolar areas appear as white, resulting in a color relationship in that area that is similar to that for clouds [Long et al., 2001] . The cloud cover estimated from the TSI agrees within 5% (10%) with more accurate estimates from a more advanced instrument named the Whole Sky Imager (WSI) [Long et al., 2001] for 87% (94%) of the data under comparison. We assume that the cloud cover from the TSI has an uncertainty level of 5%-10% according to the statistics. While there is lack of in depth characterization of the instruments, we realized that cloud cover estimation is often subject to errors under certain atmospheric conditions, possibly caused by enhanced aureole radiation, which necessitate an in-depth examination on the performance of the TSI cloud mask before the data are utilized for this study.
[12] To this end, we computed the cloud cover for the circumsolar areas with varying angular distances (A d ) from the Sun's position. As shown in Figure 1 , A d was computed for both all pixels composing the TSI image and for the circumsolar area within an angular distance of 10°-20°(area A1; see Figure 2b ), 10°-30°(area A1 + A2), 10°-40°(A1 + A2 + A3), and so on. In addition to cloud covers for the different circumsolar areas, we also computed cloud covers for circular areas of the same zenith angles but different azimuth angles at 90°intervals (0°, 90°, 180°, and 270°from the Sun's azimuth angle; see Figure 2a ). Much less problem is expected for circular areas in domains 1-3 in Figure 2a .
[13] Assuming that the cloud cover for the four regions defined in Figure 2a should bear statistically equal chances of occurrence, any excessive cloud cover in the circumsolar area (i.e., area with azimuth ID 0) can be considered as an artifact (b) A sample image of cloud mask from TSI. Indices 0, 1, 2, and 3 stand for "clear-sky," "thin cloud," "opaque cloud," and "location of the Sun," respectively. Circumsolar areas for which cloud cover is acquired are presented together with the cloud mask image. Green outlines denote areas where separate cloudy and clear pixel counts are included in the total sky cover data files. in the cloud cover estimation due to the uncertainty in cloud discrimination near the Sun's position. The values of cloud cover for the innermost circumsolar area (i.e., area A1 in Figure 2b at azimuth ID 0) and for its counterparts at different azimuth sectors (i.e., the areas corresponding to A1 at azimuth IDs 1 through 3) were computed and compared in Figure 3 . Figures 3a-3d are histograms of cloud cover under all-sky conditions, representing the four different azimuth sectors (azimuth IDs 0-3). The histograms for the three sectors away from the Sun (azimuth IDs 1-3) are very similar to each other, supporting that the assumption of equal chance of cloud occurrence at any portion of sky with equivalent areas be valid. On the contrary, the cloud cover for the innermost circumsolar area (area A1 at azimuth ID 0) presents very high occurrence (∼50%) cloud cover of unity (i.e., 100% of the circumsolar area covered by cloud). Also, the cloud cover for azimuth IDs 1-3 shows ∼40% occurrence of cloud-free conditions, while less than 10% occurrence of clear condition is observed around the Sun (azimuth ID 0). These results suggest that cloud cover from TSI around the circumsolar area tend to be significantly overestimated. Since we are going to match up the cloud cover data with AERONET AOT, TSI cloud mask data coincident with AERONET AOT measurements were collected and the same test was conducted. Figures 3e-3h present results consistent with those for all-sky conditions. Since AERONET AOT is reported only when it is determined to be cloud-free between the Sun photometer and the Sun, the circumsolar area near the Sun (A1 at azimuth ID 0) is expected to contain very low coverage of clouds. Even the other portions of the sky at the time of valid AERONET AOT measurements would have low cloud coverage, as AERONET cloud screening is based on a series of tests utilizing temporal variability over various time periods. From Figures 3e-3h, the regions with azimuth IDs 1-3 show an 80% occurrence of cloud-free skies, while only about 15% occurrence of clear condition is observed around the Sun (azimuth ID 0). A 30% occurrence of very high cloud cover (>0.95) around the Sun indicates that the problems with the TSI cloud cover are very serious in this area. However, this area constitutes a relatively small portion of the whole sky, so the effect on the whole sky cover may be much smaller than shown in Figure 3 . Thus, we performed a similar test for larger circular areas with different inner circular areas removed. That is, we computed cloud cover for the areas with a radius between 10°-80°, 20°-80°, 30°-80°, and 40°-80°. Figure 4 shows the comparisons of cloud cover computed for the two areas belonging to two azimuth IDs 0 (i.e., the sector contains the Sun) and 2 (the sector contains a point at the same zenith angle with the Sun but at 180°azimuthal angle difference). It clearly shows that a significant bias exist if the innermost circumsolar areas (10°-30°; A1 and A2) are included in cloud cover calculations. Nearly identical histograms between the two azimuth IDs are obtained when areas A1, A2, and A3 (10°-40°) are excluded.
[14] The results of the tests above suggest that removal of the circum-solar area within a 40°angular radius helps remove the overestimation of TSI cloud cover for the whole sky. However, since such an area occupies a significant portion of the sky and the problem of the TSI cloud mask does not happen all the time, discarding such a large area may result in the loss of much useful data. So we decided to remove the data within 30°of the circumsolar area, instead of 40°, which is a compromise based on Figure 4 . For the rest of this study (except for Figure 7 ), cloudy pixels for circumsolar area within 30°from the center of the Sun's position are removed from the analysis. All the other TSI pixels with zenith angles less than 80°are included in cloud cover calculations. Finally, there might be errors in TSI cloud cover depending on the vertical extent of clouds and viewing angles. We examined this possibility by checking cloud cover within 10°radius centered at the location of the Sun on the TSI mirror (azimuth ID 0), and the other azimuthal areas (IDs 1-3) at a various solar (viewing) zenith angles. The result (not shown here) revealed that angular dependence of the fractional cloud cover is less than 0.1, except for the circumsolar areas (ID 0), where fractional cloud cover error could be as large as 0.6. As the circumsolar areas are removed from the cloud cover to be used for the rest of this study, any residual angular dependence of cloud cover would be small and should retain a negligible influence.
CART Raman Lidar
[15] The CART Raman lidar (CARL) is a custom-designed instrument developed for the ARM program by the Sandia National Laboratories. CARL is an active, ground-based laser remote sensing instrument that measures the profiles of water vapor, aerosols, and clouds in the troposphere [Goldsmith et al., 1998 ]. It is composed of a Nd:YAG (yttrium aluminum garnet; Y 3 Al 5 O 12 ) laser that transmits light pulses at 355 nm with 400 mJ at 30 Hz and a receiving telescope of 61 cm diameter. It collects the light backscattered by molecules and aerosols at the laser wavelength and the Raman scattered light from water vapor (408 nm) and nitrogen (387 nm) molecules. The profiles of aerosol backscattering and extinction coefficients, water vapor mixing ratio, and relative humidity are derived on a routine basis using a set of automated algorithms [Turner et al., 2002] . Aerosol scattering ratio profiles can be computed using the Raman scattered light (387 nm) from nitrogen molecules and the backscattered light at 355 nm. Then, the profiles of aerosol backscattering cross sections are computed using the aerosol scattering ratio profile and a molecular scattering cross-section profile derived from a density profile of the atmosphere. Aerosol extinction profiles are then computed by taking the derivative of the logarithm of the Raman scattering signal from nitrogen with respect to the lidar range. Water vapor mixing ratio can be computed by taking the ratio of the Raman scattered signal from water vapor to that from nitrogen molecules. Then, temperature profiles from the Atmospheric Emitted Radiance Interferometer (AERI) are used together with the water vapor mixing ratio profiles to compute the profiles of relative humidity (RH). The accuracies of RH and aerosol extinction profiles are 5% and 10%, respectively [Turner et al., 2002] . Further details are documented by Ferrare et al. [2004 Ferrare et al. [ , 2006 and Turner [2004] .
In Situ Aerosol Profiles
[16] Over the SGP site, a light weight aircraft (Cessna C-172N) flew a few times per week to measure profiles of aerosols from March 2000 through January 2006, as a joint effort between the ARM program and the Climate Monitoring and Diagnostics Laboratory (CMDL) of the U.S. National Oceanic and Atmospheric Administration (NOAA). Normally, the aircraft flew at nine level legs between 500 and 4000 m above the ground over the SGP site, measuring the scattering and absorption coefficients for aerosols at 1 Hz sampling rate. The scattering coefficients were measured at three channels (450, 550, and 700 nm) by a nephelometer (TSI 3563) under dry condition (RH ∼ 40%) and at a green channel (550 nm) by another nephelometer (Radiance Research Model 903) under humidified conditions (RH ∼ 80%). The absorption coefficients were measured only at a green channel by a Particle Soot Absorption Photometer (PSAP; Radiance Research) under low RH levels (∼40%). Humidity control system is on board to ensure the desired levels of relative humidity for respective instruments. Further details on the IAP measurements are documented by Andrews et al. [2004] . The data were used to study the aerosol humidification effect over the SGP region [Jeong et al., 2007] . In this study, scattering coefficients at ambient RH were calculated using two-parameter function fitting (i.e., humidification factor = a[1 − RH] −b ) assuming hygroscopic growth of aerosols [e.g., Kasten, 1969; Hänel, 1976; Hegg et al., 1996; Kotchenruther et al., 1999; Jeong et al., 2007] together with the measurements of ambient RH and scattering coefficients at low and high RH levels.
Observed Correlation Between AOT and Cloud Cover and Possible Causes
[17] Cloud cover data from the TSI were first coupled with AERONET AOT data, which were only retrieved for clear skies in the direction of the Sun. Then, as many atmospheric variables tend to be autocorrelated, we tried to subsample the coupled data set at a rate of 1/10 to ensure that the selected measurements are statistically independent. As a result, just a few data points were chosen each day for the rest of results shown in this paper. Note that a wider separation of data samples would achieve more statistical independence, but undersampling could result in too few data to offset the statistical significance. [18] The AERONET AOT was plotted as a function of the cloud cover in Figure 5 . It is clear that the AERONET AOT increases with increasing cloud cover. In addition, the slope is higher than that reported from satellite-retrieved quantities [e.g., Ignatov and Nalli, 2002] . For the reasons outlined in section 1, it is very important to understand the causes for the correlation between AOT and cloud cover. In principle, several factors may be at play: (factor a) aerosol humidification effects associated with increasing RH coincident with increasing cloud cover; (factor b) increasing aerosol concentration due to air convergence; (factor c) increasing number of cloud-processed particles; (factor d) new particle genesis near clouds; (factor e) cloud contamination in the AERONET AOT; (factor f ) an artifact due to the problem of cloud detection using the TSI; (factor g) increased cloud formation, which could not have occurred without a supply of aerosols; and (factor h) aerosols lengthen the lifetime of clouds, resulting in overall increase in cloud cover. These factors are summarized in Table 1 to help readers navigate through this paper. The factors g and h can be considered as aerosol indirect effects, whereas the others are either real effects or artifacts of clouds on aerosols. The first aerosol indirect effect (i.e., changes in cloud droplet size due to increased aerosol number concentration) could be detectable from such observations as claimed in the literature [e.g., Feingold et al., 2003 Feingold et al., , 2006 McComiskey et al., 2009] . In this study, however, aerosol indirect effects on cloud cover (i.e., factors g and h) are not considered explicitly because such effects would be realized after a certain time lag which would not be easily detectable in point-wise observations at a fixed location. Besides, the aerosol indirect effect on cloud cover (and its lifetime) is very difficult to measure and its direction would diverge, increase or decrease of cloud cover, depending on conditions such as aerosol absorption property, water vapor supply, or entrainment [e.g., Koren et al., 2004; Small et al., 2009] . In addition, factor g is unlikely to be a main driver of the correlations between aerosol optical thickness and cloud cover as the aerosol burden at the SGP site is usually sufficient to foster cloud formation, while we cannot completely rule out the possibility of aerosol indirect effects at play. In the following sections, the effects of the other factors related to clouds on the observed apparent correlation between cloud cover and AOT are examined in detail. Aerosol indirect effects on cloud cover will be attributed to the factors possibly contributing to the unresolved portion of the correlations between AOT and cloud cover.
Examination and Discussion

Effect of the Uncertainty in the Cloud Cover Estimations
[19] Given the difficulties to discriminate clear and cloudy skies around the Sun's position as discussed in section 3, it is necessary to assure if the correlation shown in Figure 5 is an artifact or not. In addition, it is important to check the effects of our exclusion of data within innermost circumsolar area (<30°) for TSI cloud cover derivation. To this end, we correlated the cloud cover derived for the circumsolar areas with various angular distances (A d ) from the Sun's position (see Figure 1 ) with the AERONET AOT ( Figure 6 ). The results show that the correlations between AERONET AOT and TSI cloud cover exist for all the circumsolar areas. The correlation coefficient (R) for the different circumsolar areas is rather similar (0.68-0.76), while the slopes increase as the circumsolar area increases (from 0.16 to 0.29). It is evident that the AERONET AOT has a stronger relationship with cloud cover, in terms of both slope and correlation coefficients, as the circumsolar area increases. These results indicate that the correlation between AERONET AOT and TSI cloud cover is not an artifact due to the problem of the TSI cloud mask. Otherwise, steeper slopes would have been found for the inner circumsolar areas because the enhanced aureole radiation by aerosol scattering would cause more difficulty in Figure 5 . AERONET AOT as a function of cloud cover from TSI. Gray dashed line stands for the least squares fit, and R is correlation coefficient. A histogram of AOT used in the scatterplot is presented together. The number of data points is 730. Real effect can be found both in ground-and satellite-based observations. b NG: factor is not given as it is relevant only to satellite-based observations, which are not covered in this study.
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discriminating cloud from the clear sky. On the other hand, the increasing slopes with increasing circumsolar areas may imply that the effects of cloud cover are related to increasing AHE, convergence, or processed/new particles. These effects would not significantly depend on the local clouds around the Sun.
[20] Given the compromise we made regarding the cutoff angle for computing cloud cover, there might be a remaining artifact in the TSI cloud cover even after the correction. So we checked further if there is any dependence of the AOT-cloud cover correlation on the area of the inner circumsolar region discarded for the TSI cloud cover correction. In Figure 7 , the cloud cover for Figure 7a was computed for a circumsolar area within 10°-50°, Figure 7b within 20°-50°, Figure 7c within 30°-50°, and Figure 7d within 40°-50°. Note that both the slopes and R showed little change after the data within innermost circumsolar area were excluded for the TSI cloud cover derivation. The changes in slopes (∼0.04) and offsets (∼0.02) may be construed as an indicator of uncertainties associated with residual errors of TSI cloud cover that might affect the relationship between TSI cloud cover and AERONET AOT. We also investigated cases with different circumsolar areas removed from large sky areas (e.g., areas within 60°, 70°, 80°, and 90°from the location of the Sun) to check if the variability of the slopes and offsets changes with the sky area for which cloud cover is calculated. The results (not shown) indicate that the variability does not change significantly from that shown in Figure 7 . For instance, the differences of slopes between the cases with circumsolar areas of 10°, 20°, 30°, and 40°removed from the whole-sky area are very similar (∼0.01) in comparison to ∼0.04 as shown in Figure 7 . On the basis of Figure 4 together with visual examinations of the individual images of sky and cloud mask, it is concluded that the TSI cloud masking is rarely affected by intense aureole radiation for angular distances greater than 40°except for large solar zenith angles (e.g., >70°). Therefore, we do not expect a significant correlation due to the erroneous TSI cloud mask in Figure 7d . Thus, the rather invariant slopes, intercepts, and R in Figure 7 indicate that the correlation between AERONET AOT and TSI cloud cover is not affected by the problem of the TSI cloud masking near the Sun's position.
Effect of Relative Humidity
[21] Having shown that the AOT-cloud cover correlation does not originate from an artifact in the TSI cloud cover estimation (factor f in Table 1), the remaining major possibilities are the AHE (factor a), convergence (factor b), and cloud-processed particles (factor c), and new particle genesis (factor d). First, we try to examine the relationship between cloud cover, RH, and AOT. Figure 8 shows AERONET AOT as a function of (1) TSI cloud cover (top) and (2) aerosol extinction weighted column mean RH, hwRHi (middle), hwRHi as a function of TSI cloud cover is also shown (bottom). Linear regression analysis is done as shown in Figure 8 , and corresponding standard errors of the slopes and offsets are provided in Table 2 . hwRHi was introduced by Jeong et al. [2007] to parameterize AHE and is defined as follows,
hwRHi was calculated using the profiles of RH and aerosol extinction (k ext a ) from the Raman lidar. Figures 8a and 8b show that there is a correlation between AERONET AOT and hwRHi, albeit weaker than the one between AOT and cloud cover. Figure 8c also shows there is a correlation between cloud cover and hwRHi. Interestingly, the correlation between AOT and cloud cover is strongest among the three-way comparisons of the variables. This finding indicates that a cloud cover increase is somewhat related to, but not necessarily always accompanied by, an increase in column RH or vice versa, under meteorological conditions for which AERONET AOT can be obtained. Similarly, AOT is related to hwRHi to a certain degree but is not dominated by changes in hwRHi. Thus, the comparable correlations of the two variables with AOT are likely to be associated with different factors. At this point, we speculate that cloudprocessed particles (and new particles) may be related to the correlation between AOT and cloud cover, while the AHE is partially linked to the correlation between AOT and hwRHi. Both correlations may be associated with a third variable such as air convergence that can cause increases in cloud cover, aerosol, and water vapor.
[22] Typically, it is very difficult to determine the contribution of the AHE to the AERONET AOT since it requires vertical profiles of RH and aerosol properties (e.g., profiles of aerosol scattering and absorption coefficients at an ambient, low RH). Jeong et al. [2007] showed that the AHE over the ARM SGP site can be represented as a function of column mean RH. We use aerosol extinction weighted column mean RH, hwRHi, the column aerosol humidification factor (AHF; also denoted as R(RH)) and the AHE as defined in equations (2) and (3),
where t sca a and t ext a are AOT, respectively, due to scattering and extinction (scattering + absorption), which are dependent on RH. By combining equations (2) and (3), the AHE can be rewritten as
where w 0 is the column mean single scattering albedo at a dry condition (RH ∼ 40%). We use the aerosol extinction at 355 nm, RH profiles derived from the Raman lidar [Turner et al., 2002] and the parameterized relationship between hwRHi and R(RH), which was proposed by Jeong et al.
[2007] (Method 1 as described in their Table 2 ). The AHE can be inferred from equation (4) with R(RH) calculated from Raman lidar observations. The single scattering albedo is 0.95, which is the average observed from the AOS at the SGP site [Sheridan et al., 2002] . The AHE is not very sensitive to realistic values of the single scattering albedo for R(RH) < 3, which is typical over the SGP site [Jeong et al., 2007] . Estimations of the AHE using this method may be subject to errors due to the variability of the aerosol hygroscopicity since the methodology is based on the average connectivity between aerosols and RH (i.e., hwRHi) over the SGP site. A large amount of data are available from the Raman lidar, a statistically significant number of match-ups with AERONET and TSI measurements can be obtained, enabling the examination of the statistical relationship between AOT and cloud cover. The contributions of the AHE to the AERONET AOT and the AERONET AOT without the AHE are shown in Figure 9 . The AOT due to the AHE is nearly zero for hwRHi less than 40% and sharply increases for hwRHi greater than 80%. From Figure 8b and Figure 9a , it can be seen that the AHE contributes up to roughly 50% of the AOT at hwRHi = 0.8 compared to dry conditions (hwRHi = 0.4). A range of errors that might exist in the estimations of AHE (reported by Jeong et al. [2007] ) is also provided in The impact of such uncertainty in the conclusions of this study will be discussed in section 4.5. Figure 9b shows estimations of the AERONET AOT with the AHE contribution removed. It is obvious that the AOT dependence on hwRHi disappears when the AHE is removed from the AERONET AOT. Note that the parameterization of the AHE as function of hwRHi was derived solely from the IAP observations and is independent from the AERONET and Raman lidar measurements.
[23] Having successfully removed the AHE from the AERONET AOT, the AOT due to the AHE, and without the AHE are correlated with the TSI cloud cover in Figure 10 . The associated error ranges of slopes and intercepts are provided in Table 2 . Interestingly, both AOT show a significant correlation with the cloud cover. However, the slope for the AOT due to the AHE (0.06) is roughly one third of that for the AERONET AOT without the AHE (0.20). This result shows that the AHE contributes about one fourth of the slope (0.06/0.27 ≈ 1/4) for the AERONET AOT and TSI cloud cover relationship.
Effects of Cloud-Processed Aerosols and New Particle Genesis
[24] Two of the remaining major factors to possibly explain the correlation between the cloud cover and AOT, cloudprocessed aerosol particles (factor c) and newly generated particles (factor d) under a humid environment near clouds [Hoppel et al., 1990; Hegg et al., 1990; Hoppel et al., 1994; Alkezweeny, 1995; Hegg et al., 2004] are discussed in this section. Here cloud-processed particles are meant to be aerosols left after cloud droplets evaporate. For instance, an entrainment of dry air to the edges of clouds can result in evaporation of cloud droplets, leaving interstitial and in-droplet aerosol particles behind. An order of 10% increase of aerosol scattering efficiency due to cloud processing of aerosols was reported [Hegg et al., 2004] . On the other hand, new particle genesis is in reference to homogenous and heterogeneous nucleation such as sulfate production through a gas-to-particle conversion [e.g., Hoppel et al., 1990; Alkezweeny, 1995] .
[25] Four sets of aerosol extinction profiles obtained from the IAP and the AOS are shown in Figure 11 . In each set of measurements, two aerosol extinction profiles (for particle diameter, Dp < 1 mm at ambient RH, and for Dp < 1 mm at RH = 40%) are shown in Figure 11 . In Figure 11 , occasional measurements of extinction coefficients at ambient RH fall below those for RH = 40% are likely due to uncertainties in measurements under very low aerosol loading, especially for the wet nephelometer (Radiance Research M903). Aerosol extinction profiles at ambient RH are presented together with those at a fixed RH (40%) to separately show the AHE and non-AHE. It should be noted that the peaks of aerosol extinction profiles at RH = 40% in Figure 11 , nothing to do with AHE, coincide with the altitudes of cloud layers (see cloud bottom altitude information in Figure 11 ). For instance, on 7 May in Figure 11a , the largest peak of aerosol extinction is located right below the bottom of the cloud layer (and extinction increasing inward the cloud layer). Also, for the other cases (i.e., on 13 May; also on 21 and 22 May in Figure 11 ; and many other IAP observations), the aerosol extinction maxima coincide with the altitudes of cloud layers. Considering that the AERONET AOT observations with moderate aerosol loading are made under the presence of sparse or dissipating clouds (e.g., Table 3 ; visual inspection of TSI images), those collocated peaks of aerosol extinction profiles with cloud layer, rather than those for atmospheric convergence (not shown here), can be an indication of residual particles left by dissipated clouds or new aerosol particle genesis under a humid environment near edges of clouds.
Examination on the Correlation Between AOT and Cloud Cover Using in Situ Aerosol Measurements
[26] As a cross check, AOT derived from the IAP measurements is examined if it is also correlated to the cloud cover derived from the TSI. Since RH is controlled during the IAP measurements and the measurements are not subject to cloud contamination (factor e), the effects of atmospheric convergence (factor b), cloud-processed particles (factor c), or new particle genesis (factor d) can influence the relationship between aerosols and cloud cover. To be correlated with cloud cover, the scattering and absorption coefficients at 550 nm and at a low RH (∼40%) from the IAP were vertically integrated using a simple trapezoidal scheme as exercised by Jeong et al. [2007] . Comparisons between the IAP AOT at low RH for aerosol particles less than 1 mm in diameter and the AERONET AOT are shown in Figure 12 . The two AOTs are well correlated each other but, obviously, there is systematic differences between them, which originates from the missing contributions of the AHE, supermicron-sized particles and aerosols above the highest level leg in the IAP measurements. We adjusted the IAP AOTs for Dp < 1 mm to that for Dp < 10 mm in order to make the IAP AOT comparable with the AERONET AOT as detailed by Jeong et al. [2007] . In brief, the adjustment utilizes scattering and absorption coefficients measured with two different size cutoffs (i.e., Dp < 1 mm and Dp < 10 mm) from the Aerosol Observing System at the surface, and the ratios of the coefficients with different size cutoffs at the surface are assumed to be held throughout the column of the atmosphere. The resulting AOT may be overestimated because large particles tend to reside in the lower portion of the atmosphere unless there are large dust particles aloft [Andrews et al., 2004] . Thus, we believe that the true IAP AOT values lie somewhere between the IAP AOTs for Dp < 1 mm and for Dp < 10 mm. The coincident AERONET AOT and IAP AOTs for Dp < 1 mm and for Dp < 10 mm are plotted as functions of the TSI cloud cover in Figure 12 . The three AOTs are correlated with the cloud cover but showing slightly different slopes, intercepts, and correlation coefficients (R). The AERONET AOT has the highest slopes (0.24) and R (0.63), which is expected since the AERONET AOT may be additionally affected by the AHE and cloud contamination that do not affect the IAP AOTs. As mentioned above, the true IAP AOT values without the AHE would be somewhere between the IAP AOTs before and after the size adjustment, considering supermicron particles.
[27] The correlations between IAP AOTs and TSI cloud cover reflect the effects of convergence (factor b), cloudprocessed particles (factor c), or new particles (factor d). As the AHE contributes to about a quarter (in slope) of the correlation between AERONET AOT and cloud cover (Figures 8a and 10) , the true slope for dry conditions would be around 0.18 (= 0.24 × 3/4) if there is no effect of cloud contamination on the AERONET AOT. Thus, we infer that the effects of convergence (factor b), processed particles (factor c), and new particle genesis (factor d) contribute more than half (0.14-0.22 compared to the AERONET AOT's 0.24; possibly three fourth) of the slope of the AERONET AOT/TSI cloud cover relationship. By the same token, the contributions of aerosol humidification and cloud contamination are expected to be smaller than half of the slope, and cloud contamination, if any, should be less than 0.05 (<20%).
Discussions
[28] As discussed in section 2, any cloud contamination that may exist in the AERONET AOT would be due to thin, steady clouds (mostly thin cirrus clouds according to our visual examination on sky images), while the TSI cloud mask also often fails to detect such thin clouds. Therefore, such thin clouds do not contribute to increase in cloud cover detected by TSI cloud masking algorithm. In order for an artifact of thin cirrus clouds to play a role, cloud optical thickness (COT) of such thin clouds should be increased with increasing TSI cloud cover, which is not likely the case as it should be accompanied by the persistent, very thin clouds that were not detected by the AERONET cloud-screening algorithm. Anyway, to check this possibility, we tried to correlate cloud fraction and cirrus reflectance from Moderate Resolution Imaging Spectroradiometer (MODIS) over the SGP site, but no correlation was found. Therefore, we believe that cloud contamination is not likely the major contributor to the observed correlation between the AERONET AOT and TSI cloud cover. Discussions in section 4.4 with IAP measurements also suggest that cloud contamination in AERONET AOT, if any, should be small.
[29] In section 4.2, it was shown that AHE contributes roughly one fourth of the slope between TSI cloud cover and AERONET AOT. It would be necessary to discuss how the reported the range of uncertainty in the AHE estimation by Jeong et al. [2007] can influence the conclusion of this study. In Figure 10 , the range of AHE uncertainty is provided (dotted lines), which results in a range of slope 0.02-0.11 for AOT due to AHE as function of TSI cloud cover. Thus, the contribution of AHE could be as small as 1/15 or as large as one third. Interestingly, this range is comparable to the differences of the slopes between AERONET AOT-TSI cloud cover pair and IAP AOT-TSI cloud cover pairs (with different size cutoffs) shown in Figure 12 . However, as was argued in the previous subsection, the "true" IAP AOT (representing dry particles) values that could have been obtained if there were no size cutoff in the IAP measurements would be in between IAP AOT for Dp < 1 mm and IAP AOT for Dp < 10 mm. Thus, "true" IAP AOT would yield a slope between 0.14 and 0.22, which makes its slope difference from AERONET AOT-TSI cloud cover pair closer to the estimated contribution (slope of 0.06) of AHE reported in section 4.2. This gives us a bit more confidence on our estimation of the AHE contribution, whereas we acknowledge that there exists nonnegligible uncertainty in the estimated contribution of AHE on the AOT-cloud cover slope.
[30] Unfortunately, we are unable to completely separate the effects of atmospheric convergence (factor b), cloud processed particles (factor c), and new particle genesis (factor d), besides aerosol indirect effects (factors g and h), within the scope of this study, which would require very accurate and extensive measurements of aerosol sizes and chemical substances together with modeling of aerosols' temporal evolutions under cloudy conditions. Nevertheless, the large contributions (about three fourth) of these factors, reported in this study, clearly warrant extensive observation and modeling efforts to facilitate our understanding of the links between clouds and aerosols.
Summary and Conclusion
[31] Correlation has been found between aerosol optical thickness (AOT) and cloud cover. For aerosol indirect studies, it is crucial to understand if such correlations are true reflection of their relationships, false manifestation of artifacts, or both. While most studies reporting such relations are based on satellite remote sensing data, they are inherently difficult to sort out the true relation from artifacts. By using much more comprehensive observation data from the Atmospheric Radiation Measurement (ARM), we first report that AOT is indeed correlated with cloud cover using the AERONET AOT data and cloud fraction estimated from the total sky imager (TSI). The causes of the apparent correlation between AOT and cloud cover are painstakingly investigated using a wide variety of measurements made from ground and airborne sensors deployed at ARM South Great Plains (SGP) CART site. It is found that the correlation stems from a combination of factors such as cloud contamination, aerosol humidification, air convergence, cloud-processed or new particles formation (in the presence of clouds), to a varying degree.
[32] Analyses of AERONET AOT, TSI cloud cover, CART Raman lidar, and IAP data reveal that the aerosol humidification effect (AHE) contributes about one fourth to the observed correlation between AERONET AOT and TSI cloud cover. The influence of cloud contamination is expected to be small. Atmospheric convergence seems to play a significant role in determining the vertical distribution of aerosols, while its contribution to the AOT-cloud cover correlation is not obvious. The AOT derived from the IAP measurements, which is not affected by cloud contamination nor by aerosol humidification, is also correlated with cloud cover, suggesting the contributions from cloud-processed particles and new particles near clouds and/or under humid environment. Contributions of such factors seem to reach as large as the three fourth of the slope between cloud cover and AOT. While we are unable to completely separate the effects of convergence and cloud-processed particles and new particles, the correlation between AOT and cloud cover from ground-based measurements (i.e., AERONET and TSI) over the ARM SGP site is mainly due to real effects: the AHE (factor a), convergence (factor b), cloud-processed (factor c), and newly generated particles (factor d). We speculate that aerosol indirect effects on cloud cover (factors g and h) would not significantly influence on the observed correlation, although we cannot completely rule out their possibility. Thus, it would be rather safe to include aerosol indirect effects as contributing factors to the unresolved three quarters of the slope between AOT and cloud cover.
[33] Contrary to the results and conclusions above, it should be noted that any correlation between satellite-based AOT and cloud fraction is likely to be influenced by artifacts such as cloud contamination and cloud adjacency effect (also known as three-dimensional cloud effect). Therefore, caution and more in-depth investigations are necessary to utilize satellite-based AOT for studies on cloud-aerosol interactions in the vicinity of clouds. Also, a sophisticated model with a built-in aerosol/cloud microphysics and associated transport/ chemistry will be helpful to tackle the issue.
